Aim: Cancer stem cells have the capacity to initiate and sustain tumor growth. In this study, we established a CD44
Introduction
The cancer stem cell (CSC) hypothesis provides a new insight into understanding tumor initiation, recurrence and metastasis. According to this theory, tumors are organized in a hierarchy of heterogeneous cell populations, and only a small subset of cells, namely, the CSCs or tumor-initiating cells, possesses the ability to drive and sustain tumor growth [1, 2] . The presence of CSCs in neoplastic tissue has long been hypothesized, and recently, these cells have been identified [3, 4] . CSCs were first identified in leukemia, but they have since been identified in solid tumors. A variety of putative cell surface markers, including CD34, CD44, CD133, CD24, ALDH, and Lgr5, have been reported [5] [6] [7] [8] [9] . The freshly isolated CSCs or tumor initiating cells displayed enhanced tumorigenicity and could reconstruct the original tumor when transplanted into immunodeficient mice. CSCs are proposed to have stem cell properties; they are capable of undergoing extensive proliferation and self-renewal through symmetric division and differentiation into non-tumorigenic cancer cells through asymmetric division. The true signatures or markers for CSCs have yet to be identified, although there are reports suggesting that both CSCs and normal stem cells express key transcription factors, www.nature.com/aps Rao GH et al Acta Pharmacologica Sinica npg including Oct3/4, Nanog and SOX2 [10] . Sufficient amounts of CSCs that share the same background and stable phenotypes are needed to perform reliable functional assays. However, CSCs isolated from patients are generally rare and likely undergo differentiation during maintenance in culture, resulting in a shortage of material for mechanistic studies or for screening new drugs specific to CSCs. Most CSC assays depend on the enrichment of CSCs from freshly isolated tumors, and the efficiency of cell sorting and the varied genetic background can also hamper the research into CSCs. The contamination of freshly sorted CSCs with lymphocytes or stoma cells can influence the subsequent analysis. Thus, the establishment of human colorectal CSC lines is an enticing strategy to investigate the mechanisms of tumor initiation, drug resistance, metastasis and recurrence. Until now, although more than 50 colorectal cancer cell lines have been reported, no stable CSC lines have been established. Earlier work in our laboratory showed that the CD44 + subpopulations of human colorectal cancer cells possessed higher tumorigenicity, as well as spheroid and holoclone formation capacity, which are hallmarks of CSCs. In this study, we present a newly established CD44 + colorectal CSC line. This cell line was thoroughly examined, with a particular emphasis on its self-renewal capacity, enhanced tumor initiation, and drug resistance. This CSC line will be an invaluable resource for various future studies, including the high throughput screening of drugs and antibodies, gene manipulation, and longterm in vivo assays.
Materials and methods
Patients, animals, and cell lines Fresh colon cancer tissues and the paired normal colon tissues were collected from the tumor bank of the Beijing Cancer Hospital (Beijing, China), as approved by the Research Ethics Board at the Beijing Institute for Cancer Research.
Four-week-old female nude mice (BALB/c-nu /nu) were purchased from the Chinese Academy of Medical Sciences, and all experiments were performed under standard conditions in accordance with the institutional regulations.
The SW480, HCT116, and HT29 colorectal cancer cell lines were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). The cells were cultured in DMEM supplemented with 10% (v/v) fetal bovine serum (FBS, Hyclone) in a humidified incubator at 37 °C.
Reagents
The antibodies used in this study include the following: anti-CD31 (C20, Santa Cruz), anti-CD44 (2C5, R&D), anti-CD44-FITC (G44-26, BD PharMingen), anti-CD45-FITC (2D-1), anti-CD133 (AC133, Miltenyi), anti-cytokeratin 1 (CK1; N-20, Santa Cruz), anti-cytokeratin 20 (CK20; Ks20.8, DAKO), anti-CDX2 (AMT28, ZSBio), anti-c-Myc (9E10, Santa Cruz), anti-GFP (B-2, Santa Cruz), anti-Oct3/4 (C-10, Santa Cruz), anti-Nanog (polyclonal, R&D), anti-EpCAM (158206, R&D), anti-Lgr5-Dylight 488 (Novas), anti-SOX2 (245610, R&D), anti-ABCG2 (BXP-21, Calbiochem), and anti-CXCR4 (C-20, Santa Cruz). TRIzol and the reverse transcriptase kit were purchased from Invitrogen, and all other reagents were purchased from Sigma unless otherwise specified.
Flow cytometry
Flow cytometry was performed as previously described [11] . Briefly, the cells were dissociated into a single cell suspension by trypsin digestion. After being washed with PBS, the cells were incubated with antibodies at 4 °C for 20 min before flow cytometric analysis.
Karyotypic assay
Metaphase spreads for the FISH experiments were prepared according to a standard protocol [12] . Briefly, the cells were treated with colchicine before being fixed and stored at -20 °C. The cell suspension was dropped onto cold, humidified microscope slides before M-FISH analysis. Whole chromosome painting probes used for the M-FISH analysis have been described in a previous study [13] , and the FISH assay was performed as described previously [12] .
Cell proliferation assays
The cells were cultured in 6-well plates and were then trypsinized and resuspended in 200 μL PBS. The viable cells were counted every day under the microscope following trypan blue staining. For cell cycle analysis, 1×10 6 cells were harvested and fixed with 75% ethanol at -20 °C; the cells were then incubated with 50 µg/mL PI and 1 mg/mL RNase A for 30 min. The DNA content was measured using a flow cytometer.
Sphere formation and colony formation assays For the sphere formation assay, the cells were transplanted into a 6-well plate pre-coated with a thin layer of 1.2% agar at a density of 100 cells per well. Spheres or spheroids that arose within 3 weeks were observed and counted. The samples were analyzed in triplicate for each cell type, and at least three independent experiments were carried out.
For the colony formation assay, a single cell suspension was obtained through trypsinization and filtration through a 40-µm filter; the cells were then transplanted into a 6-well plate containing 0.35% soft agar at a concentration of 100 cells per well. Colonies were observed under a phase contrast microscope and stained with crystal violet on d 20. Each sample was analysed in triplicate, and this experiment was performed three times.
Immunofluorescence staining
The cells grown on coverslips were fixed with 3.7% paraformaldehyde and permeabilized with 0.2% Triton X-100. After incubation with the primary antibody for 1 h, a fluorochromeconjugated secondary antibody was added for 45 min. The cells were washed completely with PBS, then mounted and observed under a fluorescent microscope. 
RNA interference (RNAi)
The recombinant lentivirus-pseudotyped particles were generated using a triple plasmid system as previously described [11] . Briefly, the 293T cells were co-transfected with 3 plasmids to package pseudo-lentiviruses. Stably infected cells were isolated following puromycin screening, and the RNA interference efficiency was determined using Western blot analysis.
Western blotting
The cells were fractionated in lysis buffer (10 mmol/L HEPES, pH 7.4, 2 mmol/L EGTA, 0.5% Nonidet P-40, 1 mmol/L NaF, 1 mmol/L NaVO 4 , 1 mmol/L phenylmethylsulfonyl fluoride, 1 mmol/L dithiothreitol, 50 µg/mL trypsin inhibitor) on ice for 30 min. Equivalent samples were subjected to 12% SDS-PAGE and were then transferred onto nitrocellulose membranes. The membranes were incubated with the indicated antibodies, and immunoreactive bands were visualized using enhanced chemiluminescence (Pierce).
Chemosensitivity assay
To determine the cell line's sensitivity to chemotherapy, 2×10 6 cells were cultured in 6-well plates for 24 h and were then treated with camptothecin or 5-FU for 24, 48, or 72 h. Cell death was detected through bright field microscopic observation and flow cytometric analysis following Annexin V/PI staining.
Results

Establishment of CD44-positive colorectal cancer cell lines
We collected fresh colon cancer tissues and paired normal colon tissues from 13 patients who had not received chemotherapy or radiotherapy prior to surgery. The tissues were minced in DMEM and were incubated with 1 mg/mL collagenase and 1 mg/mL hyaluronidase for 1 h. The cell suspension was plated in 25-cm 2 flasks, containing DMEM supplemented with 10% FBS, and ultra-low attachment dishes containing DMEM supplemented with 5% FBS. Colorectal cancer cells from eight patients generated spheres in the ultra-low attachment dishes (Corning, #3262) after 25 d ( Figure 1A ). In contrast, under identical culture conditions, the cells isolated from the paired normal colon tissues did not form any spheres. Instead, the normal colon cells underwent limited cell division before senescing ( Figure 1A ). We then isolated single cancer cells from the spheres and implanted these cells at a concentration of 0.5 cells per well in a 96-well plate. Six single-cell derived clones (named P6C, P7C, P8C, P13C-1, P13C-2, and P13C-3) were generated from four patients. Among them, only the P6C line was cultured for more than 20 passages in serial culture and formed holoclones with high efficiency [14, 15] ( Figure 1A ).
The P6C cell line was derived from a sigmoid colon cancer from a 48-year-old male with concurrent lymph nodes metastases and has been sub-cultured in serum-free DMEM in ultralow attachment dishes for more than 120 passages, thereby becoming an immortalized cell line. To confirm its epithelial derivation, we examined the expression of several types of surface markers, including CD24, CD31, CD45, and EpCAM, in the P6C cells. Flow cytometric analysis showed that P6C cells expressed the epithelial marker CD24, but not the leukocyte markers CD31 or CD45 ( Figure 1B; Supplementary Figure 1 ). Immunofluorescence staining confirmed that P6C cells were EpCAM + (data not shown). Interestingly, we determined that P6C cells express CD44, a well-known colorectal CSC marker ( Figure 1C ; Supplementary Figure 2 ). It was reported that when the cells are allowed to grow in sphere cultures, they display more CSC properties; thus, we examined the CD44 expression level in the P6C cell line under different culture conditions. Flow cytometric analysis showed that ~99% of the P6C cells in spheres expressed CD44, and this percentage decreased to ~90% when cells were grown attached to plates ( Figure 1D ). In contrast, the expression levels of differentiated intestinal epithelial markers, including CDX2, cytokeratin 1 (CK1) and CK20, were low when cells were grown under spheroid culture conditions and increased significantly upon attachment. This suggests that P6C cells in spheroids maintain an undifferentiated status and undergo a certain degree of differentiation when cultural conditions change ( Figure  1D ). When compared with the P6C cell line, the differentiated colorectal cancer cell line SW480 exhibited low expression of CD44, high expression of CK20 and was positive for CDX2 expression ( Figure 1D ).
Enhanced clonal formation is one of the characteristics of CSCs. When 100 cells were implanted into a 6-well plate, we observed that a larger number of clones were generated from the P6C cell line than from the HCT116 and SW480 cell lines; this difference in clone number was significant ( Figure 1E ). These data indicate that the P6C cell line has the capacity to undergo self-renewal and differentiation, both of which are characteristics of stem cells.
P6C cells express stemness genes
We next asked if the CD44-positive P6C cells, which can grow in spheroids in ultra-low attachment dishes, express stemness genes. By immunofluorescence staining, we observed that c-Myc, Oct3/4, Nanog and SOX2, markers of normal stem cells, were all expressed in P6C cells (Figure 2A ). Western blotting analysis further confirmed that Oct3/4 was highly expressed in P6C cells ( Figure 2B ). In addition, the normal colon stem cell marker Lgr5 was also detected in P6C cells by Western blotting ( Figure 2B ). In contrast, these stemness transcription factors were undetectable in the HT29, HCT116, and SW480 cell lines, which are differentiated colorectal cancer cell lines ( Figure 2B ). Because our previous data showed that Figure 2D ). Taken together, these data indicated that P6C cells share transcription factors with normal stem cells.
Self-renewal and differentiation of P6C cells
By definition, CSCs should display the stem cell properties of both symmetric and asymmetric divisions, which are critical for self-renewal and differentiation, respectively. To address this issue, we stably inserted EGFP downstream of the endogenous Oct3/4 promoter in both the P6C and SW480 cell lines (pOct3/4 promoter-EGFP, OPG, a gift from Dr Ying JIN). Flow cytometric analysis revealed that more than 95% of the P6C cells in holoclones expressed Oct3/4, while less than 5% of the SW480 cells expressed Oct3/4 ( Figure 2B and 3A) . Self-renewal and differentiation are hallmarks of stem cells. To understand their roles in the P6C cell line, we implanted single P6C-OPG cells into a 96-well plate and observed their division under the microscope. The majority of the Oct3/4-positive cancer cells underwent symmetric division and formed GFP-positive holoclones cells (87%), as shown in Figure 3B , whereas only 13% of the P6C cells generated meroclones through asymmetric division ( Figure 3C) . A small percentage (~0.5%) of Oct3/4-negative cells were able to dedifferentiate into Oct3/4-positive cells when seeded in ultralow attachment dishes (data not shown). We also noticed that Oct3/4 expression was highly correlated with cell morphology. All of the paraclones were Oct3/4-negative, whereas all of the observed holoclones consisted of Oct3/4-positive cells. In a meroclone, the cells expressing Oct3/4 adhered tightly, while the Oct3/4-negative cells were loosely contacted, as observed under a phase-contrast microscope ( Figure 3D ). These observations further support the hypothesis that P6C cells have the critical properties of the self-renewal and differentiation. In addition, Oct3/4 can be a marker of colorectal CSCs, which have greater potential to undergo symmetric division as previously suggested [16] .
Chromosomal instability and mutations in p53 in P6C cells
One key feature of a cancer cell versus a normal cell is chromosomal instability, which is proposed to be critical for the initiation of tumorigenesis [17] ; however, the exact role that genomic instability plays in the initiation of CSCs remains elusive. Thus, we were interested to investigate the genomic integrity of the P6C cell line. As shown in Figure 4A , 73% of the P6C cells possessed 59 chromosomes. There was one copy of chromosomes 3, 4, 9, 13, 14, and 15 and three copies of chromosomes 7, 12, 20, and 22. Chromosomal translocations were also frequent in this cell line, along with chromosomal insertions and deletions ( Figure 4A ). These data reveal that the P6C cell line suffered from chromosomal instability and abnormal mitosis, both common features of cancer cells.
Genetic mutation of tumor suppressor genes, such as p53, has been closely associated with the initiation of cancers. We were interested in whether CSCs have a mutated p53 gene, which may be related to their abnormal proliferation. The p53 gene was cloned from the P6C cell line, and sequencing analysis revealed that 72P to R mutants occurred in 60% and 67% cells of passage 4 and 120, respectively ( Figure 4B, 4D) . Additionally, we found a 117 bp insertion in the p53 cDNA; this insertion resulted in a truncated 25 amino acids at the N-terminal of p53 ( Figure 4C ). Importantly, we found that the mutations in the p53 gene were similar in both low passage cells (passage 4) and high passage cells (passage 120), strongly suggesting that these mutations did not accumulate due to the in vitro cell culture conditions ( Figure 4D ). These data also support the possibility that mutations in certain stem cells could lead to the occurrence of CSCs, as previously proposed.
We also determined the proliferation rate of the P6C cells in monolayer culture by calculating the cell growth rate. As shown in Supplementary Figure 5 , the doubling time of P6C cells was ~20 h, similar to the SW480 and HCT116 cell lines (P>0.05). These data indicated that P6C cells share similar proliferation properties with differentiated colorectal cancer cell lines when grown attached to cell culture dishes.
Xenograft tumor from a single cell-derived holoclone
We next addressed whether a single P6C cell could result in a xenograft tumor, a distinguishing feature of CSCs. Single cell-derived holoclones containing approximately 500 cells were injected into nude mice. Strikingly, xenograft tumors initiated with 100% incidence (6/6). We then dissociated and trypsinized the tumors from the nude mice to regenerate secondary single cell-derived clones. Re-injection of the secondary clones, approximately 500 cells, into nude mice also resulted in 100% tumor initiation incidence. These data also support the notion that P6C cells possess the capacity for selfrenewal and differentiation in vivo.
One advantage of a CSC line is to provide an ideal system to trace tumor development in vivo. For this strategy, we prelabeled P6C-OPG cells with DsRed and purified the double positive cells using FACS ( Figure 5A ). DsRed/GFP double positive holoclones were selected and transplanted into nude mice ( Figure 5B ). Tumor development was visualized by whole body fluorescence imaging, as shown in Figure 5C . Immunohistochemistry of GFP revealed that certain Oct3/4-positive P6C cells differentiated into Oct3/4-negative cells in the xenograft tumors. The co-localization of CD44 and Oct3/4 was detected by serial section staining. Interestingly, CD44 and Oct3/4 double positive cells resided in clusters in the xenograft tumors, similar to primary cancers ( Figure 5D ).
Drug resistance of the P6C cells
It has been proposed that CSCs are able to confer drug resistance and contribute to cancer recurrence. We thus sought to address the question whether the P6C cells were resistant to chemotherapeutic agents. Camptothecin (CPT) and 5-fluorouracil (5-FU) are commonly used chemotherapeutic drugs in the treatment of colorectal cancer. Compared to HCT116 and SW480 cells, we found that the P6C cells were less sensitive to CPT and 5-FU (Figure 6A, 6B; Supplementary Figure 6A) . In addition to the lack of cell proliferation inhibition, P6C cells Figure  6B ). Because the most commonly used chemotherapeutic drugs function through cell cycle arrest, we thus investigated whether 5-FU affected the cell cycle. To our surprise, when compared to SW480 cells, P6C cells were less sensitive to the 5-FU-induced S-G2 checkpoint at 24 h. Although cell cycle arrest continued through 48 h, this effect was attenuated by 72 h ( Figure 6D ). These data indicated that there is a unique cell cycle checkpoint in CSCs, which results in drug resistance.
Discussion
In the present study, we established a colorectal cancer cell line, P6C, which possesses all of the characteristics of CSCs. Firstly, P6C cells are CD44 positive. CD44 is one of the most widely used putative surface markers for CSCs in breast, prostate, pancreatic and colorectal cancers, and P6C cells in spheres or monoclones express high levels of CD44. Secondly, we found that stemness genes, including Oct3/4, Nanog and SOX2, are expressed in P6C cells and are absent in differentiated cancer cell lines. As master regulators of pluripotency www.chinaphar.com Rao GH et al Acta Pharmacologica Sinica npg that control lineage commitment during early development, they are key components in transforming cells into induced pluripotent stem cells [18] [19] [20] . A previous report also showed that misexpression of the OCT4 gene resulted in pronounced intestinal dysplasia [21] . Thirdly, we demonstrated that single cell-derived spheres or holoclones resulted in 100% xenograft tumor initiation incidence in nude mice. Finally and importantly, we showed that P6C cells could undergo self-renewal and differentiation, both functions are critical for CSCs to progress into a tumor.
It is arguable whether these cells are truly CSCs because they have not been clearly shown to undergo symmetric or asymmetric division. Using an Oct3/4 promoter driven GFP system, we demonstrated that Oct3/4-positive cells underwent both symmetric and asymmetric division to generate Oct3/4-positive and Oct3/4-negative cells to maintain colorectal CSCs in a stable proportion. Importantly, we found that Oct3/4-positive cells formed holoclones, which could regenerate xenograft tumors in nude mice, while ~10% of the Oct3/4-positive cells underwent asymmetric division to form meroclones or paraclones. These data revealed that these CSCs could undergo both asymmetric and symmetric division as normal stem cells. Interestingly, less than 1% of the Oct3/4-negative P6C cells could become Oct3/4-positive. Although it is not clear how the Oct3/4-negative cell achieves this, de-differentiation or asymmetric division might be involved. Oct3/4 is a master regulator of stem cell properties and is involved in the regulation of symmetric division [22] . Indeed, we found that Oct3/4-negative daughter cells do not form holoclones and have a tendency to differentiate. Additionally, P6C cells tended to differentiate when grown in attachment, similar to normal stem cells, or to differentiate into other types of tumor cell in a xenograft model system. It is likely that cell-to-cell contact and other niche factors play a role in the regulation of asymmetric division. We found that expression of CD44 and Oct3/4 were highly correlated. Cells express- www.chinaphar.com Rao GH et al Acta Pharmacologica Sinica npg ing both proteins localized in the holoclones, but not in the paraclones, and in the center of the spheres ( Figure 2D ). CD44 knockdown reduced the expression of Oct3/4. Further studies are needed to address whether CD44 is involved in the regulation of symmetric versus asymmetric division. Nevertheless, our data suggest that normal and cancer stem cells share the same potential for self-renewal and differentiation, although CSCs have a greater potential for self-renewal.
Genomic instability is a defining characteristic of cancer cells. However, how genomic instability is causally related to the origin of CSCs is not fully understood. It has been suggested that CSCs may arise from normal stem cells following the accumulation of genomic mutations. However, this has not been clearly demonstrated. We found that P6C cells had gross chromosomal changes, including triplicates, translocations and deletions. Mutations in the p53 gene have been reported to compromise cell death, thus promoting tumorigenesis [23] . Despite the fact that the P6C cell line originated from a single cell, we still detected an arginine allele occurring at a polymorphic codon 72 (72R) in the 67% of the P6C cells; this is consistent with the report that 72R is more common than 72P in cancer [24] . Importantly, we found that early passage cells also had similar p53 mutations. These data indicate that genomic instability occurs early during the initiation of cancer, and CSCs indeed have accumulated genomic changes. Compared to the HCT116 and SW480 cell lines, P6C cells showed a significantly enhanced resistance to camptothecin and other chemotherapeutic agents (staurosporine, As 2 O 3 and phenylarsine oxide; data not shown). We did not detect high expression of ABCG2 or other ABC family proteins (data not shown). It is possible that p53 mutations may contribute to the drug resistance of CSCs. Consistently, patients whose cancers contain the 72R variant of the p53 gene have a worse response to therapy than those expressing the 72P variant of the p53 gene [25] . The mechanism by which CSCs originate from other types of cells and how these cells acquire drug resistance need to be critically evaluated in future studies.
